Abstract-Illuminating the underlying mechanism of drug action at single-cell and single-molecule levels is of great significance for the personalized treatment of diseases. In this paper, with the use of the atomic force microscopy (AFM), the mechanical property of the lymphoma cells was quantitatively measured and the CD20-Rituximab binding force was measured on the surface of the lymphoma cells by linking the Rituximab molecules onto the AFM tip. The results lay the foundation for the further study of the molecular mechanism of Rituximab anti-cancer effect.
I. INTRODUCTION
IRTUALLY all knowledge of chemical processes has been deduced from the ensemble measurements [1] , that is, averaged information on large ensembles of molecules from many cells [2] . The ensemble averaging measurements provide large mounts of information about the chemical processes of cellular physiological activities. However, the ensemble measurements also hide the individuality of single molecules. More and more experimental evidence indicates that the ensemble measurements in test tubes from traditional biochemistry may not completely reveal the circumstance in vivo. In order to reveal the molecular mechanism [3] of the cell physiological activities, the single molecule/cell technology emerged and new information on molecular mechanisms can be acquired that is inaccessible by ensemble measurements.
The single molecule toolkit includes fluorescence and force-measuring technologies (approximately 20 methods in all), and among these technologies the atomic force microscopy (AFM) is the only tool that can detect, localize and manipulate single molecules on cells [2] . With the emergence of AFM, the door to the nanoworld of biology was pushed wide open [4] . The advantage that AFM can work in fluid makes it possible to observe the physiological processes [5] . Additionally the sample preparation is easy and fast [6] , with nanometer resolution [7] and good controllability. These make AFM take the fancy of researchers in a wide range of disciplines, especially life science [8] . In the past 20 years, AFM has evolved from an imaging technique to a multifunctional toolbox [9] , and the widely used of AFM in biology and medicine provide new insights into the life activities at the cellular and molecular levels [10] ; provide new methods for understanding the molecular mechanism of critical diseases [11] ; provide new tools for searching the potential effective biomarker [12] and drug discovery [13] .
The approval of Rituximab in 1997 revolutionized the treatment of B cell lymphomas. However, the clinical experience of Rituximab indicates that the lymphoma patients receiving the Rituximab targeted therapy can have markedly different responses. To improve the efficacy of Rituximab targeted therapy, the AFM may serve as a useful tool for investigating the molecular mechanism of rituximab anti-cancer effect.
In the paper, the AFM (Dimension 3100, Veeco Company) was used to measure the elastic properties of single lymphoma cells and the CD20-Rituximab binding force on the surface of B-cell lymphoma cells.
II. MEASURING THE ELASTICITY
The mechanical property of cells plays an important role in critical cellular functions, including migration, division and shape [9] . Studies into the mechanics of single cells in the past decade indicated that cell mechanics are closely related to human health and diseases [14] . Any deviations in the mechanical property of cells may affect the physiological functions and give rise to disease, while disease can also result in mechanical changes in living cells [15] . So the mechanical property may serve as a novel effective biomarker [12] , and the research into biomechanics at the cellular and molecular levels of human diseases may lead to new methods of early detection, diagnosis and treatment [16] .With such AFM indentation method, the mechanical properties of various animal cells were measured, including fibroblasts [17] , kidney cells [18] , microbial cells [19] , erythrocytes [20] , leukemia cells [21] ,Chinese hamster ovary cells [22] and lymphocytes [23] .Measuring the mechanical property of the lymphoma cell has not been largely reported and in this paper the elastic property of the lymphoma cell was measured quantitatively by AFM.
The principle of measuring the mechanical property of single cells is shown in Fig.1a V approach-retract cycle between the tip and the sample, during which the cantilever deflection is measured as a function of the relative motion. When obtaining force curves on a stiff sample (glass), the cantilever deflection is equal to the piezotube movement, because there is no deformation on the sample. While obtaining force curves on a soft sample (cell), the cantilever deflection decreased, because the tip indented into the sample (Fig.1b) . So the force curves reflect the mechanical property of the sample and by analyzing the force curves obtained on cells the stiffness of the cells can be measured. After converting the approach curves (Fig.1c) into the indentation curve (Fig.1d ), the Hertz model is used to compute the Young's modulus of the sample. The most popular used model for describing the elastic response of a sample indented by an AFM tip is the Hertz model. The Hertz model is in the following equation [19] 1/ 2 3/ 2 2 4 3(1 )
Where υ is the Poisson ratio of the sample (often assuming the Poisson ratio of the cell is 0.5 [12] ), δ is the indentation depth, R is the radius curvature of the tip, E is the Young's modulus, and F is the applied loading force. So according to the equation (1), the Young's modulus of cells can be computed from the indentation curve. The lymphoma cells were obtained from the Burkitt's lymphoma Raji cell line and cultured in vitro at 37 (5%CO ℃ 2 ) in RPMI-1640 culture medium containing 10% fetal bovine serum. The type of AFM used in the study is Dimension 3100 from Veeco Company. The triangular cantilever with oxide-sharpened silicon nitride tips was also obtained from Veeco Company. The curvature radius of the tip is about 10nm. The length, width and thickness of cantilever are 205um, 25um and 0.6um, respectively with the elastic constant 0.06N/m. The experiment was performed at room temperature in PBS solution.
The prerequisite for obtaining high-quality AFM images of cells is tight immobilization onto a flat support [8] in order to prevent the movement caused by the scanning probe [18] . There are two methods for cell immobilization, poly-L-lysine and porous polymer membrane [24] .So far, the cells that can be imaged lively by AFM are primarily microbial cells [5] and adherent mammalian cells [25] . Imaging the live suspension haemocytes has not been largely reported. This may partly because that the haemocytes are too soft to obtain high-resolution images of the membrane structures. The topography and deflection images of fixed lymphoma cells obtained by AFM in contact mode are shown in Fig.2 . The poly-L-lysine was used to immobilize the suspension lymphoma cells onto the glass substrate and the glutaraldehyde [26] was used to fix the cells. We measured the mechanical properties of unfixed lymphoma cells and fixed cells, respectively (Fig.3) . Ten unfixed cells were randomly selected and ten force curves were obtained on each cell to compute the Young's modulus of unfixed cells. And also ten fixed cells were randomly selected and ten force curves were obtained on each cell to compute the Young's modulus of fixed lymphoma cells. The Young's modulus of unfixed cells was 150±60KPa and the it increased to 2.85±1.2MPa after being fixed by the glutaraldehyde, about 20 times stiffer after being fixed. This is because the glutaraldehyde cross-linked the proteins at the cell surface and thereby 'freezing' the morphology of the cell [27] . We can see the force curve obtained on fixed cells became straighter than that on unfixed cells and this was in compliance with the above result.
The Hertz model is based on a number of simplifying assumptions, including homogeneous, isotropic, linear elastic material properties; axisymmetry; infinitesimal deformations; infinite sample thickness and dimensions; and a smooth sample surface [28] . Though the cell is a highly heterogeneous material [29] , the Hertz model also can be applied to thin films as long as the indentation into the sample by the tip is sufficiently small compared with its thickness [17] . According to the rule of Bueckle, the depth of indentation should therefore be no more than 10% of the sample thickness [30] .
It is significant to compare the results to others'. The Young's modulus of mammalian cells measured by AFM was highly variable and usually falls in the 1-to200-KPa range [31] . And the Young's modulus of fixed erythrocytes was 10-100 times larger than unfixed cells [20] . The Young's modulus of unfixed lymphoma cells was 150±60KPa and became 2.85±1.2MPa after being fixed, 20 times larger. These indicate that our results are in the normal range. In fact, there are several factors that may affect the value of the Young's modulus measured by AFM, such as the different types of AFM, the different types of cell (suspension cell, adherent cell, normal cell, and ill cell), the condition of the cells, and the experiment environment. For the future work, measuring the Young's modulus of different types of lymphoma cells will be of important significance. 
III. MEASURING THE MOLECULAR FORCE
Besides imaging the morphology of the specimens at nanometer level, by linking the ligand onto the AFM tip, AFM can be used to detect the receptor-ligand specific recognition event and this technology is so-called single-molecule force spectroscopy (SMFS) [32] .Since Hinterdorfer et al. [33] used SMFS to measure the unbinding force between human serum albumin(HSA) and anti-HSA in 1996, many researchers have used SMFS to investigate the molecular specific recognition of a wide variety of receptors, and the research trend is from detecting the specific recognition of receptors immobilized onto the substrate [34] to detecting the specific recognition of receptors on the cell surface [25, 35] ,which is more challenging and the detecting results are more significant for practical application, because the receptors on the cell surface are active in native state.
The principle of measuring the CD20-Rituximab specific recognition by SMFS is shown in Fig.4 .By the crosslinker molecular polyethylene glycol, briefly called PEG, the Rituximab is linked to the AFM tip. Using the functionalized tip to obtain force curves on substrate which is covered with CD20s, there is a distinct abrupt peak in the retracting portion of the force curve if the CD20-Rituximab binding event occurs, and the intensity of the abrupt peak reflects the CD20-Rituximab unbinding force. Often hundreds of force curves should be obtained at one measurement, because the receptor-ligand binding is a small probability event [35] . The peak intensity probably is usually not equal to the unbinding force of single receptor-ligand bond, because several bonds may unbind at the same time. The Poisson analysis method was created by Beebe [36] to solve the problem of computing the single receptor-ligand binding force from the force curves obtained by AFM. For each measurement (obtaining about 50 force curves at the same loading rate), compute the variance 2 σ and mean μ , then the single receptor-ligand binding force at this loading rate can be computed from equation (2) .If several measurements at the same loading rate were performed, plot the variance-mean curve and then the slope of the linear line is equal to the binding force.
The Rituximab was linked onto the AFM tip by the linker molecule NHS-PEG-MAL and the functionalization process is according to the protocol [37] . The reagents used for functioinalization were bought from Sigma-Aldrich Company. The experiments were carried out in PBS at room temperature. A key feature in molecular recognition studies is to demonstrate the specificity of the measured unbinding force and blocking experiments in which the receptor sites are masked by adding free ligands is the most simple and straightforward approach [7] . The experiments were performed as follows. First, the force curves were obtained on lymphoma cells with the functionalized tip, where 10 cells were randomly selected and 50 force curves were obtained on each cell at the same loading rate. Then the free antibodies solution was added to bind the CD20 sites on the lymphoma cell surface. About 3 minutes later, the functionalized tip was used again to obtain the force curves. Also the unfunctionalized tip was used to obtain force curves on the same patch of lymphoma cells. According to the Poisson analysis method, the bond unbinding force was computed.
When the specific recognition event occurred, there were one or more than one distinct abrupt peaks in the retracting portion of the force curve (Fig.5) . This is because several CD20-Rituximab bonds may break at one approach-retract cycle. Among the force curves with more than one peak, only the last peak was included in the analysis. After adding free antibodies solution to bind the CD20 sites on the cell surface, no distinct abrupt peaks appear in the retracting curve. The unfunctionalized tip was also used to obtain force curves on the lymphoma cell surface and there were no distinct abrupt peaks. This demonstrated the specificity of CD20-Rituximab binding. The Four sets of measurements, each composed of 100 individual force measurements, were acquired at the loading rate of 1.4×10 6 pN/s. The histogram of the binding forces from these force curves was shown in Fig.5c . From the Gaussian fitting we can see the binding force is about 320pN which is composed of several CD20-Rituximab pairs. With the Poisson analysis method, the unbinding force of single CD20-Rituximab bond at the loading rate of 1.4×10 6 pN/s is about 79pN (Fig.5d) .
IV. CONCLUSION
In this paper, AFM was used to measure the mechanical property and the CD20-Rituximab binding force of lymphoma cells. The results lay the foundation for the further understanding of the molecular mechanism of the lymphoma and may provide several key technologies for searching and developing the novel effective biomarkers and the drug discovery. 
